Cutaneous melanoma (CM) arises from neoplastic melanocytes of the skin ([@bib20]), and occurs with a frequency of 13 000 new cases each year in the United Kingdom. Melanoma can occur in other parts of the body, such as the uveal tract ([@bib6]) as well as in mucosal (e.g., conjunctiva, rectum and vagina), subungual and acral sites. Uveal melanoma (UM), although rare, is the most common intraocular tumour in adults ([@bib9]). The major cause of death in CM and UM is dissemination of the primary tumour ([@bib25]). For example, 20% of CM patients present with metastases, with the median 5-year survival of these patients being 5%. Up to 50% of patients with UM will develop metastatic disease, usually to the liver, and this is fatal owing to present ineffective therapies ([@bib9]). Particular prognostic parameters are known in both CM and UM ([@bib10]), however, predictive biomarkers that can foretell response to therapies are of paramount importance.

Sustained angiogenesis, one of the hallmarks of cancer ([@bib21]), is required for the growth and metastasis of primary tumours ([@bib16]). VEGF, a critical regulator of both normal and pathological angiogenesis has been the focus of anti-angiogenic targets over the last decade. In patients suffering from CM, an increase in angiogenesis with metastatic potential and disease transition to a more aggressive vertical growth phase has been described ([@bib13]). Furthermore, high levels of numerous cytokines including VEGF have been identified in ocular tumours from patients who develop secondary retinal and iris NV following ionising radiation treatment of their tumours ([@bib5]).

Current FDA-approved therapies for the treatment of CM metastases following surgery of the primary tumour include the chemotherapeutic agent, dacarbazine, which shows a response rate in 7--12% of patients ([@bib4]; [@bib7]), vemurafenib specifically for the treatment of melanomas containing the BRAF^V600E^ mutation ([@bib15]) present in 40--60% of melanomas ([@bib12]; [@bib8]); and the CTLA4 antibody ipilimumab ([@bib28]). Chemotherapy and radiation therapy used in CM does not seem to be effective for the treatment of metastatic UM. Currently, there are no FDA-approved VEGF inhibitors for use in metastatic melanoma; however, the anti-VEGF monoclonal antibody, bevacizumab, has been shown to suppress micrometastases in experimental ocular melanoma ([@bib37]), and a Phase II clinical trial showed combined treatment of bevacizumab with interferon-*α* improved disease stabilisation in a quarter of metastatic UM patients ([@bib35]). Although VEGF is upregulated in melanoma, its overall expression has been shown to correlate poorly with metastatic spread ([@bib32]). However, VEGF can be generated as two isoform families, the pro-angiogenic VEGF-A~xxx~ family, and the anti-angiogenic VEGF-A~xxx~b family, where xxx refers to the number of amino acids in the secreted protein encoded by the spliced mRNA ([@bib22]). In 2007, Pritchard-Jones *et al* identified anti-angiogenic VEGF~xxx~b staining in the normal epidermis surrounding human melanomas, but only weak staining in a small proportion of melanoma samples, and observed a decrease in VEGF~xxx~b expression in primary tumours that had gone on to metastasise. VEGF splicing is regulated by the SR protein kinase SRPK1 ([@bib30]), and it has been shown that in a carcinoma cell line (LS174t) the splicing of VEGF can be modulated to prevent the production of pro-angiogenic isoforms through the lentiviral knockdown of SRPK1. Cells with reduced SRPK1 expression levels increased the production of VEGF~165~b and had reduced expression of VEGF~165,~ and when these cells were implanted subcutaneously in a xenograft tumour model the cancers grew significantly slower compared with cells expressing a lentiviral control ([@bib1]). We, therefore, aimed to investigate the role of SRPK1 regulating VEGF isoform expression in cutaneous and UM cell lines.

Materials and methods
=====================

Cell culture and transfection
-----------------------------

CM cell line, A375 (ATCC, Middlesex, UK), and UM cell lines, 92.1, Mel270 and Omm2.5 cells were cultured in DMEM, 10% FBS, 0.5% PenStrep and split at 80% confluence. A375 melanoma cells were treated with culture medium plus 6 *μ*g polybrene and 1 *μ*l scrambled shRNA (*T*=2.25 × 10^4^) or 5 *μ*l SRPK1 shRNA (*T*=3.44 × 10^8^; SMART Vector 2.0, Dharmacon, Thermo Scientific, Lafayette, LA, USA) per 200 000 cells. Cells transduced with the lentivirus were selected using puromycin at 2 *μ*g ml^−1^. Transduction efficiency was determined by green fluorescent protein (GFP) expression.

Pharmacological inhibitor treatments
------------------------------------

SRPIN340 (*N*-\[2-(1-piperidinyl)-5-(trifluoromethyl)phenyl\] isonicotinamide), was purchased from Ascent Scientific, Bristol, UK. Cells at ∼70% confluence were serum starved for at least 12 h and treated with 1--10 *μ*[M]{.smallcaps} SRPIN340, 0.02--0.05% DMSO was added to vehicle control. After 24 h, mRNA was extracted or cells were fixed for staining, 48 h later protein was extracted, for further analysis.

Cell viability assays
---------------------

Cell proliferation was determined by two methods. Thirty thousand A375 cells per well, transduced with scrambled shRNA, SRPK1 shRNA or untransduced and treated with SRPIN340, were seeded on 24-well plates. Every 24 h cells were trypsinised and a cell count was performed. Cells seeded on cover slips were also stained for Ki67. For scratch assays, cells were grown to confluence in 24-well plates and a 1-mm-thick line of cells was scratched off the plate along the central line of the well. Each well was imaged at time zero, after 12 h and after 24 h. The percentage of coverage across the scratch was determined (ImageJ, NIH, Bethesda, MD, USA) as a measure of percentage wound closure.

Semi-quantitative PCR and qPCR
------------------------------

Conventional PCR was used to detect VEGF~165~ mRNA. Five percent of the cDNA was added to a reaction mixture containing: 2 × PCR Master Mix (Promega, Southampton, UK), primers (1 *μ*[M]{.smallcaps} each) complementary to exon7b (5′-GGCAGCTTGAGTTAAACGAAC-3′) and the 3′-UTR of VEGF (5′-ATGGATCCGTATCAGTCTTTCCTGG-3′) and DNase-/RNase-free water. All samples were run in parallel with negative controls (water and cDNA without reverse transcriptase (-RT)). The reaction mixture was thermocycled (PCR Express, Thermo Electron Corporation, Basingstoke, UK) 30--35 times, denaturing at 95 **°**C for 60 s, annealing at 55 **°**C for 60 s and extending at 72 **°**C for 60 s. PCR products were separated on 2.5% agarose gels containing 0.5 *μ*g ml^−1^ ethidium bromide (Bio-Rad, Hertfordshire, UK) and visualised under an ultraviolet transilluminator (Bio-Rad). Equal cDNA loading was determined by PCR with GAPDH primers (forward: 5′-CACCCACTCCTCCACCTTTGAC-3′ reverse: 5′-GTCCACCACCCTGTTGCTGTAG-3′). Primers result in one amplicon at ∼112 bp after thermocycling 30 times, denaturing at 94 **°**C for 45 s, annealing at 65 **°**C for 45 s and extending at 72 **°**C for 60 s. The qPCR reaction was set up using Roche SyBr Green and run in an ABI 7000 (Roche, Burgess Hill, UK). Validated primers specific to SRPK1, 18S ribosomal and GAPDH were used for the qPCR. The reaction was thermocycled 45 times (95 **°**C for 30 s, 55 **°**C for 30 s and 72 **°**C for 60 s).

PanVEGF and VEGF~xxx~b enzyme-linked immunosorbent assay (ELISA)
----------------------------------------------------------------

PanVEGF capture antibody (1 *μ*g ml^−1^) (Duoset VEGF ELISA DY-293; R&D Systems, Minneapolis, MN, USA) was incubated overnight at room temperature. The plates were blocked (Superblock; Thermo Scientific) and serial dilutions of recombinant human (rh)VEGF~165~ or rhVEGF~165~b standards (ranging from 4 ng ml^−1^ to 16.25 pg ml^−1^) were added, incubated alongside sample lysates, typically diluted 1 : 10. The plate was incubated for 1 h at 37 °C with shaking, washed and incubated with 100 *μ*l per well of either biotinylated goat anti-human VEGF (0.1 *μ*g ml^−1^; R&D Systems) or mouse anti-human VEGF~165~b (0.25 *μ*g ml^−1^) for a further 1 h at 37 °C. After washing, 100 *μ*l per well of horseradish peroxidase (HRP)-conjugated streptavidin (1 : 200; R&D Systems) was added and plates were left at room temperature for 20 min.

The plates were washed and colour change was induced with substrate A and B (DY-999; R&D Systems) for 20 min under light protection. The reaction was stopped by addition of 100 *μ*l per well of 1 [M]{.smallcaps} H~2~SO~4~ and the absorbance was read immediately in an ELISA plate reader (Dynex Technologies Opsys MR system plate reader) at 450 nm with a control reading at 570 nm. Revelation Quicklink 4.25 software (Dynex Technologies, Chantilly, VA, USA) was also used to calculate a standard curve from mean absorbance values of standards enabling the estimation of VEGF concentration for each sample.

Western blotting
----------------

Protein samples (30--50*μ*g) were mixed with 1 × SDS loading buffer (100 m[M]{.smallcaps} Tris-HCl, 4% SDS, 20% glycerol, 0.2% (w/v) bromophenol blue and 5% final concentration 2-mercaptoethanol, pH 6.8). To denature the protein, samples were boiled for 5 min at 100 °C.

Samples were subjected to polyacrylamide gel electrophoresis (PAGE) on a 12% SDS--PAGE gel at 90 V in ice cold running buffer (25 m[M]{.smallcaps} Tris-HCl, 250 m[M]{.smallcaps} glycine and 0.1% SDS, pH 8.3) for ∼2.5 h. The separated proteins were then electrophoretically blotted to a methanol-activated polyvinylidene fluoride membrane (Fisher Scientific, Pittsburgh, PA, USA) by wet transfer for 2 h at 90 V in transfer buffer (50 m[M]{.smallcaps} Tris-HCl, 38 m[M]{.smallcaps} glycine and 20% methanol, pH 8.3). Membranes were incubated in blocking solution (2.5% non-fat dried milk in PBS/T or 5% BSA) with agitation at room temperature for 30 min and then probed with the primary antibody overnight at 4 **°**C; rabbit polyclonal anti-VEGF-A (A20; sc-152, Santa Cruz, Dallas, TX, USA) diluted 1 : 1000-1 : 100 in 2.5% non-fat dried milk TBS-T, VEGF~xxx~b-specific mouse monoclonal 56/1 (R&D Systems) diluted 1 : 1000-1 : 500 in 5% BSA TBS-T, media from mouse hybridoma cell line, mab104 diluted 1 : 4 in TBS-T and goat polyclonal beta-tubulin (Abcam, Cambridge, UK) diluted 1 : 1000 in 5% BSA TBS-T. Membranes were then washed four times for 10 min each with TBS-0.3%T before incubation with secondary HRP-conjugated antibodies: goatαmouse immunoglobulin G (IgG), goatαrabbit IgG or rabbitαgoat IgG (Pierce, Rockford, IL, USA) diluted 1 : 10 000 in 5% BSA TBS-T or 2.5% non-fat dried milk TBS-T, for 45 min at room temperature with agitation. The washes were repeated and the bands were detected using the Enhanced Chemoluminiscence (ECL) SuperSignal West Femto Maximum Sensitivity Substrate kit (Pierce).

Immunofluorescence staining and imaging
---------------------------------------

For immunofluorescence, cells were grown to 80% confluence on glass cover slips. After treatment the cells were washed with PBS, fixed for 5 min with 4% PFA and then washed with PBS in 0.05% Triton X (PBS-TritonX). The cells were blocked in 5% normal goat serum in PBS-TritonX for 1 h, washed thrice with PBS-TritonX and incubated overnight with 2 *μ*g ml^−1^ of mouse monoclonal SRSF1 (96; sc-33652, Santa Cruz) or 2 mg ml^−1^ mouse monoclonal anti-SRPK1 (BD Biosciences, Franklin Lakes, NJ, USA, 611072). The cells were washed thrice with PBS-Triton and incubated with goat anti-mouse Alexa Fluor 555 diluted 1 : 100 in 1 × PBS for visualisation and counterstained for the nucleus with Hoescht. Images were taken at × 40 objective using a microscope (Nikon Eclipse E400, Nikon, Surrey, UK).

CD31 Immunohistochemistry
-------------------------

Serial 7-*μ*m sections of PFA-fixed paraffin wax-embedded tumour parts were mounted onto slides. Vessel presence was confirmed by CD31 staining. Sections were blocked in 5% normal goat serum for 30 min, CD31 antibody (Abcam 805662; diluted 1 : 50) was added overnight, 2 *μ*g ml^−1^ anti-rabbit biotin antibody (Vector Laboratories, Burlingame, CA, USA) for 1 h followed by the avidin--biotinylated enzyme complex (ABC, Vector Laboratories) for 30 min followed by the DAB substrate (Vector Laboratories). Sections were co-stained with haematoxylin and examined using a Nikon Eclipse E400 microscope, and photos were captured using Nikon Eclipse Net software (Nikon Instruments, Melville, NY, USA).

*In vivo* tumour model
----------------------

All animal experiments were carried out under a UK Home Office License after approval by the University of Bristol Ethical Review Group. A375, A375 shRNA control and A375 shRNA SRPK1 knockdown cells were cultured in T75 flasks to 80% confluence. Trypsinised cells were counted using a haemocytometer, and 2 million cells of A375 shRNA control and A375 shRNA SRPK1 were injected subcutaneously either into the left and right flanks of nude mice, or a single injection of untransduced A375 cells. Tumour-bearing mice (\>3 mm) were weighed and tumours were measured by caliper bi-weekly. Mice bearing A375-untransfected tumours were treated with either 100 *μ*l of 20 *μ*g ml^−1^ SRPIN340 (diluted 100 × in PBS from 2 mg ml^−1^ stock in DMSO), or 100 *μ*l of 1% DMSO vehicle control injected daily into the peritumoral space. Tumour volumes were calculated according to the formula (*A* × *B* × (*A*+*B*)/2) where *A*=length of the tumour and *B*=tumour width. The mice were culled by cervical dislocation (according to Schedule 1 under the Animal (Scientific Procedures) Act 1986), when the first tumour in each experimental groups reached 16 mm maximum length. The tumours were excised, weighed and either stored in 4% PFA diluted in 1 × PBS or frozen down to −80 °C for further analysis. Investigators were blinded to each group when performing injections, taking measurements and analysing data.

Statistical analysis
--------------------

Data are shown as mean±s.e.m. All data, graphs and statistical analyses were calculated with Microsoft Excel (Microsoft Office Software, Reading, UK), GraphPad Prism (GraphPad Software Inc., La Jolla, CA, USA) and ImageJ. All results were considered statistically significant at \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001.

Results
=======

SRPK1 acts through SRSF1 to regulate pro-angiogenic VEGF expression in melanoma cells
-------------------------------------------------------------------------------------

To determine the expression of SRPK1 in different melanoma cell lines, mRNA extracted from CM and UM cell lines was assayed by qRT--PCR and compared with primary pigmented epithelial cells (retinal-pigmented epithelial cells-RPE). All melanoma cell lines expressed significantly more SRPK1 than primary RPE cells with A375 expressing significantly more than UM cell lines, which expressed between 20 and 50% of the levels found in A375 cells relative to internal controls (Mel270, 48±6% 92.1, 34±7% Omm2.5, 21±51% [Figure 1A](#fig1){ref-type="fig"}).

At the protein level, SRPK1 and SRSF1 was expressed in all melanoma cell lines with higher expression levels of SRPK1, and possibly SRSF1 appearing in metastatic cell lines, A375 and Omm2.5 ([Figure 1B](#fig1){ref-type="fig"}) than in Mel270 and 92.1. A similar relative expression of VEGF~165~ expression at the RNA level was seen (i.e., expression in A375 and Omm2.5, but not Mel270 or 92.1 [Figure 1C](#fig1){ref-type="fig"}) and total (pan) VEGF was higher in A375, Omm2.5 and Mel270 than 92.1, whereas the anti-angiogenic VEGF~xxx~b isoforms appeared stronger in the primary (Mel270 and 92.1) compared with metastatic cell lines. ([Figure 1D](#fig1){ref-type="fig"}), suggesting that the pro-angiogenic isoforms were raised in metastatic cell lines (Omm2.5 and A375) relative to Mel270 and 92.1.

SRPK1 has been inextricably linked to the phosphorylation of the splicing factor SRSF1 ([@bib18]). Inhibition of SRPK1 by SRPIN340 prevents the nuclear localisation of SRSF1 induced by IGF-1 in podocytes ([@bib30]) and EGF induced SR-protein phosphorylation in ARPE-19 cells ([@bib17]). Thus, serum-starved A375, Omm2.5, Mel270 and 92.1 cells were treated with 100 n[M]{.smallcaps} IGF-1 both alone and in the presence of 10 *μ*[M]{.smallcaps} SRPIN340 or left untreated. Twenty-four hours after treatment, cells were stained for SRSF1 ([Figure 2A](#fig2){ref-type="fig"}) or SRPK1 ([Figure 2B](#fig2){ref-type="fig"}) and nuclei co-stained for Hoescht. In A375 cells IGF-1 induced a significant increase in the percentage of nuclear SRSF1 compared with untreated (*P*\<0.05 one-way ANOVA Bonferonni *post hoc*). When IGF-1 treatment was combined with SRPIN340, there was a 54% reduction in the IGF-1 induced nuclear localisation of SRSF1 compared with untreated cells (although this did not reach statistical significance). In UM cell lines a variable response to treatment was observed. In Mel270, IGF-1 increased nuclear localisation of SRSF1 compared with untreated cells, and SRPIN340 significantly reduced the proportion of nuclear SRSF1 compared with IGF-1 treatment alone (*P*=0.018). However, in Omm2.5 and 92.1 UM cells no effect of IGF-1 treatment on SRSF1 staining in the nucleus was observed and accordingly no effect of combined SRPIN340 treatment was seen. In all three UM cell lines, nuclear SRPK1 increased and this translocation was unaffected by SRPIN340 treatment ([Figure 2B](#fig2){ref-type="fig"}). We further determined the effect of VEGF expression following SRPK1 inhibition. SRPIN340 reduced VEGF~165~ mRNA in a dose-dependent manner in all four cell lines tested ([Figure 2C](#fig2){ref-type="fig"}). Furthermore, total VEGF protein was similarly reduced by SRPIN340 reaching significance at 10 *μ*[M]{.smallcaps} in A375, Omm2.5 and 92.1 cells ([Figure 2D](#fig2){ref-type="fig"}). Anti-angiogenic isoforms were not detected above background levels in these samples.

SRPK1 knockdown reduces pro-angiogenic VEGF and tumour growth *in vivo*
-----------------------------------------------------------------------

To confirm that VEGF levels can be regulated by SRPK1, a lentiviral approach to knock down SRPK1 expression levels was used in the CM cell line A375. A375 cells had previously shown high endogenous SRPK1 expression. Cells were transduced with shRNA control or shRNA SRPK1 and selected with puromycin confirmed by GFP expression ([Figure 3A](#fig3){ref-type="fig"}). Knockdown was confirmed at the protein ([Figure 3B](#fig3){ref-type="fig"}) and RNA levels ([Figure 3C](#fig3){ref-type="fig"}) by western blot and qRT--PCR, respectively. Initially, we investigated the effect of SRPK1 knockdown on SRSF1 nuclear localisation as a measure of phosphorylation. We observed predominantly nuclear staining and the immunofluorescent signal was reduced in SRPK1 knockdown cells ([Figure 3D](#fig3){ref-type="fig"}). The reduction in SRSF1 protein expression by SRPK1 shRNA was confirmed by western blotting (*P*\<0.05; [Figure 3E](#fig3){ref-type="fig"}). SRPK1 knockdown did not affect the level of SRSF1 mRNA, suggesting a potential role for SRPK1 in partially regulating SRSF1 stability. We further investigated SRSF1 siRNA on VEGF expression and saw a reduction in total VEGF expression by western blotting; however, VEGF~xxx~b isoform expression was unchanged, suggesting, consistent with the hypothesis, that SRPK1 and its substrate SRSF1 act to reduce pro-angiogenic VEGF expression ([Figure 3F](#fig3){ref-type="fig"}). The effect of SRPK1 knockdown upon VEGF~165~ mRNA was similar to the effect of SRPIN340 treatment---shRNA SRPK1 significantly reduced VEGF~165~ expression compared with shRNA control-transduced cells (*P*\<0.01, Student\'s *t*-test; [Figure 3G](#fig3){ref-type="fig"}). We confirmed this effect at protein level observing not only a significant reduction in pro-angiogenic VEGF, but additionally a significant increase in anti-angiogenic isoforms ([Figure 3H](#fig3){ref-type="fig"}).

Before *in vivo* assessment, cell proliferation and migration was compared in A375 shRNA control cells *vs* A375 shRNA SRPK1-transduced cells. Importantly, we did not observe any significant difference in either the number of cells ([Figure 4A](#fig4){ref-type="fig"}) migration ([Figure 4B](#fig4){ref-type="fig"}) or in the percent of proliferating cells (Ki67+ve, [figure 4C](#fig4){ref-type="fig"}). Control and knockdown cells (2 × 10^6^) were subsequently injected subcutaneously into nude mice onto the left and right flanks, respectively. A375 shRNA SRPK1 tumours grew significantly slower than controls (*P*\<0.001; two-way ANOVA with repeated measures; [Figure 4D](#fig4){ref-type="fig"}). Subsequent analysis on the excised melanoma confirmed lower SRPK1 mRNA expression levels in knockdown tumours and revealed a positive correlation between tumour volume and SRPK1 expression ([Figure 4E](#fig4){ref-type="fig"}). Furthermore, the VEGF protein was reduced in knockdown tumours compared with controls but anti-angiogenic VEGF~xxx~b isoforms were unchanged ([Figure 4F](#fig4){ref-type="fig"}).

Administration of SRPIN340 reduces pro-angiogenic VEGF and tumour growth *in vivo*
----------------------------------------------------------------------------------

Similar to SRPK1 knockdown, we saw no alteration in proliferation ([Figure 5A](#fig5){ref-type="fig"}) or migration ([Figure 5B](#fig5){ref-type="fig"}) of A375 cells when dose dependently treated with SRPIN340. To determine whether SRPIN340 could be used to inhibit tumour growth, we wished to test it *in vivo*. SRPIN340 dissolved in propylene glycol (80%) and DMSO (20%) (but not 20% DMSO/80% water) at 30 mg ml^−1^. This was administered in a single 100 *μ*l dose (100 mg kg^−1^) by oval gavage, and blood and tissues sampled and analysed by mass spectrometry. In plasma, SRPIN340 was detected at 1.55±0.91 *μ*g ml^−1^ after 1 h and this decreased to 0.43±0.19 and 0.77±0.2 *μ*g ml^−1^ at 4 and 8 h, respectively. By 24 h the plasma concentration of SRPIN340 was 0.2±0.06 *μ*g ml^−1^. One phase exponential decay curve fitting was performed and the sustained half-life of SRPIN340 in plasma (curve fitted from 1 h onwards) was 13.49 h. However, of the 3 mg of SRPIN delivered, total plasma SRPIN340 was estimated at 2.0 *μ*g (30 g mice, 45% haematocrit, 80 ml kg^−1^ blood volume), whereas the concentration in the stomach was 100 *μ*g ml^−1^ suggesting poor absorption of the drug ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Furthermore, high DMSO (20%) concentrations would have been required for systemic administration. We thus tried local injection of SRPIN340 *in vivo* to avoid systemic treatment. Untransduced A375 cells were injected subcutaneously and allowed to form tumours. Daily subcutaneous injection of 2 *μ*g SRPIN340 in 100 *μ*l 1 × PBS close to the tumour site significantly reduced tumour growth compared with DMSO (1%) control-injected tumours (*P*\<0.001; one-way ANOVA Bonferroni *post hoc*; [Figure 5C](#fig5){ref-type="fig"}). Post-tumoral analysis showed reduced total VEGF expression in SRPIN340-treated tumours (*P*\<0.05, Student\'s unpaired *t*-test) and no difference in detection of anti-angiogenic VEGF~xxx~b isoforms, which did not appear to be affected by treatment ([Figure 5D](#fig5){ref-type="fig"}). In this study, unlike the knockdown, tumours were of sufficient size to section and stain for CD31 as a measure of microvascular density (MVD). SRPIN340 significantly reduced MVD compared with vehicle-treated tumours ([Figure 5E](#fig5){ref-type="fig"}).

Discussion
==========

We have identified SRPK1 expression in both cutaneous and UM cell lines, and have noted greater expression of both SRPK1 and its main substrate SRSF1 in metastatic compared with primary cell lines ([Figure 1](#fig1){ref-type="fig"}). SRPK1 upregulation has been identified in other cancers too, including colon, breast and pancreatic cancers ([@bib24]), glioma ([@bib36]) and non-small cell lung carcinoma ([@bib19]). SRPK1 overexpression has been identified in Ab subgroups of luminal A breast cancers, the subgroup associated with poor patient prognosis ([@bib14]). Furthermore, in a recent study investigating colon cancer, SRPK1 was upregulated both in adenoma and carcinoma samples ([@bib34]).

The interaction between SRPK1 and SRSF1 has been well documented; SRPK1 phosphorylates SRSF1 enabling its nuclear localisation and interaction with cellular pre-mRNA ([@bib18]). The effect of SRPK1 inhibition (using SRPIN340) on SRSF1 subcellular position was examined following induction of SRSF1 translocation to the nucleus using IGF-1 ([@bib30]). IGF-1 appeared to induce nuclear translocation in A375 and Mel270 cells only, and SRPIN340 was only able to block this response in Mel270 cells ([Figure 2A](#fig2){ref-type="fig"}). Unlike podocytes ([@bib1]), the majority of SRSF1 is nuclear in melanoma cells and thus small changes in the cytoplasmic expression of SRSF1 have been difficult to quantify by this method. What was clear, however, was the effect of SRPK1 inhibition on reducing splicing to the VEGF~165~ isoforms in melanoma cells. SRPIN340 dose dependently reduced VEGF~165~ in all tested cell lines, similar to the effect of SRPIN340 treatment reported in ARPE-19 cells ([@bib17]). In our CM cell line, we were previously unable to consistently determine VEGF~165~b mRNA expression ([@bib2]), possibly owing to high VEGF~165~ levels in melanoma cells competitively inhibiting the detection of VEGF~165~b ([@bib2]), thus only VEGF~165~ was quantified. At the protein level, total VEGF was also reduced following SRPIN340 treatment (10 *μ*[M]{.smallcaps}) in A375, Omm2.5 and 92.1 cells ([Figure 2C](#fig2){ref-type="fig"}).

To confirm the results with targeted genetic inhibition, a lentiviral shRNAi vector transduction approach was used. Both SRPK1 and SRSF1 protein expression was reduced in knockdown cells, confirmed by immunofluorescence, showing a reduction in the intensity of SRSF1 staining. SRPK1 may act in part to regulate the expression of SRSF1 by impacting SRSF1 transcription or translation, although we failed to see a significant change in SRSF1 mRNA levels following SRPK1 knockdown (unpublished data). It was noted in our initial studies that cell lines expressing increased SRPK1 also appeared to express higher SRSF1 levels, which would support an additional level of regulation by the phosphorylating kinase. SRSF1 expression is essential, and depletion of SRSF1 has been reported to cause cell cycle arrest, genomic instability and apoptosis ([@bib27]). Recent studies have shown SRSF1 negatively autoregulates itself through various post-transcriptional and post-translational mechanisms ([@bib33]). The potent oncogenic transcription factor myc (c-myc) has been identified as a factor regulating SRSF1 expression, at least in lung cancer ([@bib11]). In 2011, Thorsen *et al* showed that active *Wnt* signalling increased the expression of cell-cycle regulator MYC and increased the expression of SRPK1. Taken together, SRPK1 may mediate MYCs control of SRSF1 expression, or may act independently as a partial regulator.

SRSF1 has been shown to regulate the AS of multiple genomic targets ([@bib26]; [@bib1]). In this study, we observed reduced expression of VEGF~165~ in SRPK1 knockdown cells relative to GAPDH and compared with shRNA control cells (*P*\<0.01). This effect on the pre-mRNA splicing was confirmed by assessing protein isoform expression using VEGF~xxx~b-specific and panVEGF ELISAs. There was a significant increase in the expression of VEGF~xxx~b isoforms (which was clearly detectable above background), and a reduction in VEGF~xxx~ isoforms relative to total VEGF in the SRPK1 knockdown cells relative to control (*P*\<0.05, respectively; [Figure 3H](#fig3){ref-type="fig"}). Furthermore, SRSF1 siRNA also reduced VEGF expression, similar to the effect of SRPK1 knockdown ([Figure 3F](#fig3){ref-type="fig"}).

SRPK1 lentiviral knockdown was not lethal to A375 cells and did not appear to affect cell morphology. Furthermore, proliferation was unaffected by SRPK1 knockdown, and a cell-based scratch assay showed no difference in cell--matrix and cell--cell interactions during cell migration ([Figure 4A and B](#fig4){ref-type="fig"}). Although we did not observe significant effects of SRPK1 knockdown *in vitro*, previous studies have identified SRPK1 as a mediator of tumour cell proliferation by acting through MAPK and Akt (also known as protein kinase-B ([@bib23])). Akt is known for its role in cell migration, and the signalling pathway Akt-SRPK-pSR has been suggested as being involved in cell migration ([@bib38]). As SRPK1 knockdown appeared to reduce the expression of pro-angiogenic VEGF isoforms, isoforms that are necessary for tumour progression, the effect of SRPK1 knockdown on A375 tumour growth *in vivo* was investigated. A375 shRNA SRPK1 tumour grew significantly slower than A375 shRNA control tumours, SRPK1 expression was reduced in knockdown tumours, showing the lentiviral knockdown remained active *in vivo* and SRPK1 expression positively correlated with tumour growth. In addition, panVEGF expression was downregulated in knockdown (KD) compared with control tumours (Ctrl), whereas VEGF~xxx~b remained unchanged ([Figure 4D](#fig4){ref-type="fig"}). This suggests SRPK1 knockdown selectively reduces the expression of pro-angiogenic VEGF~xxx~ isoforms but does not affect the expression of anti-angiogenic VEGF, which could prove to be less damaging than total VEGF blockade. Previous studies have shown VEGF~xxx~b is both cytoprotective ([@bib29]) and neuroprotective ([@bib3]), and thus maintaining its expression may prove beneficial.

SRPIN340, a small molecular inhibitor targeting SRPK1, also significantly reduced tumour growth *in vivo* when injected peritumorally. Owing to a combination of low potency (*μ*[M]{.smallcaps} range) and poor pharmacokinetics ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}), we were unable to successfully use this compound for systemic administration. Like SRPK1 knockdown, SRPIN340 had no effect on A375 cell proliferation or migration and resulted in reduced panVEGF expression, but not VEGF~xxx~b in treated tumours. Moreover, SRPIN340-treated tumours (unlike SRPK1 knockdown tumours) were of sufficient size to also investigate MVD. SRPIN340 treatment significantly reduced MVD compared with control confirming a mechanistic link between SRPK1 inhibition, regulating VEGF expression and angiogenesis *in vivo*.

The data presented within this study highlight SRPK1 as a potential target for the inhibition of melanoma tumour growth *in vivo*. SRPK1 inhibition acts mechanistically, at least in part, to reduce VEGF~165~ expression and prevent tumour angiogenesis. It also suggests that SRPK inhibitors, such as SRPIN340 or the recently described SPHINX compounds ([@bib17]) may be starting points for the development of potential therapeutic agents for melanoma and pigmented cell tumours. SRPIN340 itself neither has the potency nor the pharmacokinetics to be a lead compound for drug development, but more potent, systemically active analogues of SPHINX may be next-generation anti-melanoma agents. Further investigation is also needed to elucidate other mechanisms through which SRPK1 could be acting in melanoma.
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![**SRPK1, SRSF1 and VEGF expression in cutaneous and uveal melanoma cell lines.** (**A**) SRPK1 mRNA expression was greater in melanoma cell lines compared with primary RPE cells. (**B**) SRPK1 and SRSF1 protein expression was stronger in metastatic cell lines, A375 and Omm2.5, and this correlated with greater VEGF~165~ mRNA (**C**) and panVEGF protein expression (**D**). VEGF~xxx~b protein conversely, appeared stronger in primary cell lines Mel270 and 92.1. Experiments were performed in triplicate.](bjc2014342f1){#fig1}

![**SRPK1 regulates pro-angiogenic VEGF expression in melanoma cells.** Serum-starved A375, Omm2.5, Mel270 and 92.1 cells, treated with 5 *μ*[M]{.smallcaps} SRPIN340 before IGF-1 administration (100 n[M]{.smallcaps}) were stained for (**A**) SRSF1 (red) or (**B**) SRPK1 (red) and co-stained for Hoechst (blue). (**A**) The majority of SRSF1 staining observed was nuclear, but an increase in nuclear intensity following IGF-1 treatment was observed in A375 and Mel270 cells. Pretreatment with SRPIN340 prevented the IGF-1-induced increase in SRSF1 nuclear intensity in Mel270 cells only. ^\#^*P*\<0.05. (**B**) SRPK1 staining was mainly cytoplasmic but nuclear intensity was increased following IGF-1 treatment; SRPIN340 was unable to reverse this response. Scale bar, 10 *μ*m. \*\**P*\<0.01. (**C**) Twenty-four hours after inhibitor treatment (1--10 *μ*M) RNA was extracted and cDNA was made for PCR. Treatment with SRPIN340 reduced the expression of VEGF~165~ relative to GAPDH control in all tested cell lines. Water (W) and sample without reverse transcriptase (--RT) were used as negative controls. (**D**) Forty-eight hours after treatment, protein was extracted and assayed for total VEGF and VEGF~xxx~b by ELISA. The expression of pro-angiogenic VEGF (VEGF~xxx~) was reduced following 10 *μ*[M]{.smallcaps} SRPIN340 in A375, Omm2.5 and 92.1 cells (one-way ANOVA, Bonferroni *post hoc*. \**P*\<0.05). Arrows show non-nuclear-stained cells. NS, not significant. The full colour version of this figure is available at *British Journal of Cancer* online.](bjc2014342f2){#fig2}

![**SRPK1 knockdown switches splicing away from pro-angiogenic VEGF.** A375 cells were transduced with a lentivirus containing SRPK1 shRNA or scrambled shRNA. (**A**) Transduction efficiency was determined by GFP expression. (**B**) Protein was extracted from cells and tested for SRPK1 expression by immunoblotting. There was a significant reduction in SRPK1 expression after lentiviral shRNA SRPK1 transduction relative to tubulin (\*\**P*\<0.01, one-way ANOVA, Bonferroni *post hoc*). (**C**) SRPK1 mRNA expression in A375 melanoma cells was determined by qPCR and expressed relative to internal control (18S ribosomal). SRPK1 was successfully knocked down in SRPK1 shRNA-transduced cells compared with control cells (\**P*\<0.05). (**D**) Staining for SRSF1 confirmed a knockdown in SRPK1 shRNA cells; cell were imaged and images were processed identically (\**P*\<0.05, Student\'s *t*-test). Scale bar, 10 *μ*m. (**E**) Extracted protein was run on an SDS--PAGE and membranes blotted for SRSF1. SRPK1 knockdown weakly knocks down SRSF1 compared with A375 shRNA scramble relative to *α*-tubulin expression (17%, *n*=3). (**F**) SRSF1 knockdown by siRNA was performed in both control and SRPK1 knockdown cells. SRSF1 siRNA reduced panVEGF without affecting VEGF~xxx~b expression. (**G**) RT--PCR with primers spanning VEGF exon 7 and the VEGF 3′-UTR were used to determine expression level. SRPK1 knockdown compared with control cells (scrambled shRNA) showed a significant decrease in VEGF~165~ relative to GAPDH (*P*\<0.01). (**H**) Extracted protein was assessed by ELISA. In SRPK1 knockdown cells, pro-angiogenic VEGF was significantly decreased (*P*\<0.05), whereas VEGF~xxx~b was significantly upregulated (*P*\<0.05).](bjc2014342f3){#fig3}

![**SRPK1 Knockdown is anti-angiogenic and blocks tumour growth.** (**A**) A375 control shRNA and A375 SRPK1 shRNA cells were seeded and cells were counted every 24 h for 4 days. There was no difference in proliferation rate between the two cell lines as measured by this method. (**B**) Wells were imaged at time 0 after a 1-mm scratch was performed across the centre of the well, and at 12 and 24 h later. The % coverage of the scratch was calculated. No statistical difference between the coverage of the two cell lines was observed. (**C**) Cells were then fixed and stained for Ki67, an endogenous proliferation marker. Representative images of staining are shown. Cell counts showed no significant difference in the average number of proliferating cells. Scale bar, 10 *μ*m. (**D**) Control and SRPK1 KD cells were injected subcutaneously (2 × 10^6^) into the left and right flanks of nude mice, respectively. Tumour growth was measured bi-weekly and tumour excised on day 27. SRPK1 KD significantly reduced tumour growth (*P*\<0.05, \**P*\<0.01, \*\**P*\<0.001, two-way ANOVA with repeated measures). Images of excised tumours at day 27 are shown below the graph. Scale bar, 1 cm. (**E**) RNA was extracted from tumour tissue, reverse transcribed and subjected to qPCR using SRPK1 primers and housekeeping gene (18S). SRPK1 levels were expressed as fold increase relative to the smallest tumour and correlated with tumour volume. SRPK1 expression positively correlated with tumour growth, *r*=0.84 (Pearson\'s correlation co-efficient). (**F**) Protein from extracted tissue was assessed for VEGF expression by ELISA. SRPK1 KD tumours expressed reduced panVEGF compared with controls. Although VEGF~xxx~b expression was unchanged, tubulin confirmed equal loading.](bjc2014342f4){#fig4}

![**Small molecular weight inhibitors of SRPK1 inhibit melanoma growth.** (**A**) A375 cells were treated with varying doses of SRPIN340 (1--10 *μ*[M]{.smallcaps}). Cells were counted every 24 h for 3 days. There was no difference in proliferation rate between the treatments. (**B**) Wells were imaged at time 0 after a 1-mm scratch was performed across the centre of the well, and at 12 and 24 h later. The % coverage of the scratch was calculated. No statistical difference between the coverage of the cells was observed with treatment. (**C**) A375 cells were injected subcutaneously (2 × 10^6^) in nude mice. Mice were injected subcutaneously (100 *μ*l) with 2 *μ*g SRPIN340 or 1% DMSO vehicle control daily. Tumour growth was measured bi-weekly and tumour excised on day 27. SRPIN340 significantly reduced tumour growth (*P*\<0.001, one-way ANOVA Bonferroni *post hoc*). Images of excised tumours at day 35 are shown. Scale bar, 1 cm. (**D**) Protein from extracted tissue was assessed for VEGF expression. SRPIN340 treatment reduced panVEGF compared with control. (\**P*\<0.05, unpaired t-test) VEGF~xxx~b expression was detected at very low levels but unchanged following treatment. Probing for actin confirmed equal loading. (**E**) Tumours were sectioned stained for CD31 (brown) and counterstained with haematoxylin (blue). SRPIN340 significantly reduced MVD as determined by CD31 staining compared with vehicle-treated tumours (*P*\<0.05, Student\'s unpaired *t*-test). Scale bar, 50 *μ*m. NS, not significant.](bjc2014342f5){#fig5}
